Absolute structure / Three-beam method / Optical rotation / Second-harmonic generation / Dipole-dipole interaction / 4-Methyl benzophenone Abstract. Metastable 4-methyl benzophenone (4-MBP, C 14 H 12 O) crystallizes in the polar (pyroelectric) and enantiomorphic space groups (SG) P3 1 and P3 2 . The optical rotation tensor has been measured for 670 nm and the material was tested for evidence of phase-matchability. The absolute structure was determined via three-beam diffraction, showing that the structural right-hand screw 3 1 is combined with positive (right-handed, i.e. clockwise when looking towards the light source) optical rotation, for both tensor components r 11 ¼ r 22 ¼ 26(5) /mm, r 33 ¼ 8.3(5) /mm (contrary to low-quartz which shows negative optical rotation for r 33 and positive rotation for r 11 in right-hand SG P3 1 2).
C) with centrosymmetric monoclinic space group P2 1 /c, and a metastable phase (m.p. 54-55 C) with polar (pyroelectric) and enantionmorphic space groups P3 1 and P3 2 [1] [2] [3] . The metastable phase can only be nucleated from highly supercooled melt (< À20 C) [3, 4] , whereas the stable crystals can be easily precipitated from solutions and from (moderately) supercooled melts. However, large metastable crystals of sufficiently good perfection can be grown from slightly supercooled melt by using a metastable seed crystal [3, 5] . The typical polar growth morphology of these crystals, together with their pyroelectric polarity, is shown in Fig. 1 . The crystal structure has been determined by single-crystal X-ray diffraction [3] . Metastable 4-MBP tends to transform into the stable phase, in particular when coming into contact with stable-phase particles. Once initiated, the monotropic transformation proceeds irresistibly within several minutes to an hour through a crystal of up to a cm 3 in size, leaving behind a milky polycrystalline aggregate of stable 4-MBP.
Despite being chemically identical, stable and metastable 4-MBP exhibit complete different packing arrangements. This is connected with a striking change in the dihedral angles and a slight change in the bond angles of the carbonyl group. Hence, the two polymorphs of 4-MBP exhibit considerable differences in their physical features. A comparative study of even-rank tensor properties of both 4-MBP polymorphs (thermal expansion, elasticity and thermoelasticity) show that the differences are small but nevertheless significant [7] . The essential differences, however, appear in the odd-rank polar tensor properties, (trigonal prisms) and {10 1 11}, {1 1 102} (small), {01 1 1 1 1} (trigonal pyramids) (graphics program: WinXMorph [6] ). Polar trigonal axis vertical. The plus and minus sign indicate the signs of the pyroelectric charges developing during heating [1, 2] . The same signs have the piezoelectric charges generated by compressional stress -r 33 along the polar axis [7] . which are zero in centrosymmetric stable 4-MBP, but exist in acentric metastable 4-MBP: the pyroelectric p 3 was found to be quite strong, comparable to that of tourmaline, whereas the piezoelectric effect is moderate with d 111 about the same as in quartz and d 333 about 6 times smaller than d 111 [7] . Second harmonic generation (SHG) has not been studied in 4-MBP as far as we know.
In addition, optical rotation (optical activity, OR) is presented here as an example of even-rank axial properties which exist only in the metastable polymorph of 4-MBP.
The question arises what strengths OR and SHG have in the metastable phase compared to other materials.
Of particular interest is to see if there is a correlation between the optical rotation and semi-empirical calculations. Although it is possible to calculate OR from first principle using GAUSSIAN [8] in isolated molecules, the only model capable of computing optical rotation in crystals is based on the dipole-dipole interaction of atoms and takes account of long-range Coulomb interactions [9] [10] [11] [12] [13] [14] [15] [16] . These semi-empirical non-quantum mechanical calculations need electronic polarizability volumes for each atom in the structure as input variables.
A particular limitation of the dipole-dipole interaction model is that it was designed for ionic structures, where less polarizable atoms hardly contribute to the calculated optical properties.
In organic molecules, however, the interactions between atoms are strongly covalent in character. It was found earlier in first-principle calculations that hydrogen atoms in organic molecules cannot be neglected nor is it true that their contributions to optical rotation are small [17] . Hydrogen bonding to aromatic carbons especially was found to be of considerable importance, whereas hydrogen bonding to non-aromatic carbon atoms still may almost be neglected. The 4-MBP molecule consists of two phenyl groups and a methyl group which provides an opportunity to study the difference between hydrogen atoms bonded to a differently hybridized carbon.
We need also to establish a link between the absolute configuration and the sign of optical rotation. Once the relation between optical rotation and absolute structure is found, the optical rotation measured along the optical axis c of 4-MBP can then always be used to determine the absolute structure. Finding the absolute configuration requires special techniques.
Since the basic general form {hkil} does not occur, enantiomorphic (left-and right-handed) crystals cannot be distinguished by morphology.
There are no strong anomalously scattering atoms in 4-MBP, thus analysing Bijvoet differences is inconclusive. Instead, we have used the three-beam X-ray technique to determine the actual hand of the screw axis of the same sample on which optical measurements were performed.
We shall also provide here a qualitative study of the frequency doubling efficiency (d-coefficients) of 4-MBP. The d-coefficients can be calculated from the same theory as for optical rotation [16] .
To find the polarizability-volumes one requires knowledge of the refractive indices of 4-MBP which have been determined earlier [1, 2] , Table 1. 4-MBP exhibits a large birefringence, as is observed in many organic crystals. The dipole-dipole interaction theory is usually unable to model such values of birefringence if the hydrogen contribution is neglected, and so we discuss below how this can be overcome.
Methodology Absolute configuration
The absolute configuration of 4-MBP was determined by the experimental determination of triplet phases using three-beam diffraction [18, 19] . During such an experiment a primary reflection h is brought into its diffraction position. Afterwards an additional secondary reflection g is excited by an accurate Y-azimuthal rotation about the reciprocal lattice vector h. In such a situation the wave fields due to h and g interfere with each other by reflection AE(h À g). The characteristic intensity change of reflection h during the Y-scan of g through the Ewald sphere depends directly on the triplet phase
. Different absolute structures show opposite signs of the triplet phase. Triplet phases with |F 3 | close to 90 are best suited for the determination of the absolute structure because the difference of the interference profiles is maximum in this case [18, 19] . Since the signal for the determination of the absolute structure depends directly on the triplet phase, this method is totally independent of anomalous dispersion effects and allows the determination of the absolute structure of an organic compound with very low O-or N-content and no other strong scattering atoms. This is exactly the situation in the 4-MBP molecule.
Optical Rotation (OR)
OR measurements in a birefringent crystal sections, requisite to obtain the complete tensor, require a careful analysis of the state of polarization of light throughout its passage through the sample. The procedure is described in detail elsewhere, see for a summary Kaminsky, 2000 [20] and most recently, Herreros-Cedres et al. 2005 [21] . Welldefined linearly polarized light in oblique incidence at varying angles is analysed with a second polarizer behind the sample (tilter method). The intensity then depends on the geometrical parameters [incidence angle (tilt angle a), angles of incident polarization and that of the analyzer, and resultant azimuth and ellipticity of the elliptically polarized wave as well as sample extinction direction]. The material is described by the optical indicatrix with refractive indices n e and n o and OR, with non-vanishing tensor 
Second harmonic generation
Phase-matchability and a qualitative assessment of second harmonic generation was studied on an automated two-circle goniometer attached to a pulsed YAG-laser (1064 nm) in a set-up in the Clarendon Laboratories of the Department of Physics, Univ. Oxford, UK [22] .
Experimental results
Sample preparation
4-Methyl benzophenone (Merck) was purified by recrystallization from ethanol. Metastable crystals were grown in the melt supercooled by 0.2-0.5 C below the metastable melting point (55 C) from seed crystals nucleated from highly supercooled melt [3, 5] . Optically homogeneous crystals of up to 20 Â 20 Â 50 mm 3 were obtained within growth periods of 2-7 days.
Samples for optical measurements were cut with a lapping saw avoiding solvents to prevent transformation into the stable polymorph. Crystals were ground and polished in oil and lapping powder of different grain sizes until optical quality was achieved.
Absolute structure
Three triplet phases were measured for the determination of the absolute structure of 4-MBP, all indicating unambiguously the same space group: P3 1 . The three beam interference profiles for one three-beam experiment is shown in Fig. 2 as a typical example. The destructive interference for the triplet with F 3 ¼ þ98 and the constructive interference with F 3 ¼ À98 is clearly visible indicating the correct absolute structure. The three-beam interference experiments were carried out at beamline ID22 at ESRF (Grenoble).
The structure of 4-MBP then was completely re-determined, with improved positional accuracy of the atomic positions. The crystallographic data can be obtained free of charge from the corresponding author.
Optical rotation
Only along the optic axis is optical rotation of 4-MBP not affected by birefringence. To find this direction, a sample cut and polished on (0001) was inserted into the tilter-device [23] and the angle of incidence was changed through tilting the sample within AE20
. Figure 3 shows the result of such a measurement of the azimuth rotation of the elliptically polarized light wave after the sample (sample thickness: 0.355 mm). Similarly, a sample was prepared that contained the caxis (optic axis) and the wave vector was tilted towards c. Figure 4 presents the spectrum derived in a (10 1 10)-cut sample of 0.195 mm thickness.
The value for r 11 was confirmed with a scan where the sample was rotated by 90 degrees [24] . The result of these three experiments is (l ¼ 670 nm): r 11 ¼ 26 (7) /mm, r 33 ¼ 8.3 (5) /mm. Both rotations are positive, i.e. clockwise if looking towards the light beam.
Qualitative second-harmonic generation study
A thin (0001) sample plate, thickness 0.2 mm, was mounted on the 'Euler-Wiege' circle j of a two-circle goniometer. The 'Euler-Wiege' circle was rotated around the vertical axis by the goniometer circle angle u. Circularly polarized radiation from a Nd : YAG laser (1064 nm) was focused on the sample and the intensity of the doubled frequency light (532 nm) was recorded with a photo-multiplier. The sample was scanned point-for-point in steps of 3 for the accessible range of rotation j of the sample about its normal vector with À60 < j < 60 , and Makerfringe angle u with À60 < u < 60 . Distinct SHG intensity maxima were found at azimuthat angles j towards h100i of À25 (5) /45 (5) and at values of u of AE56 (2) towards h0001i. The intensities were similar to those of KH 2 PO 4 . However, SHG measurements require extremely well prepared optical surfaces to allow quantitative analysis, which we were not able to achieve in 4-MBP. Thus, our observations can only confirm the presence of phasematchability where the intensity of the pulses had still be kept to a minimum to avoid spontaneous transformation into the stable polymorph.
Discussion
The number of completely determined tensors for optical rotation is still very small and only a few have been correlated with the absolute structures [20] . Compared with those already known, 4-MBP exhibits medium values.
Both tensor components carry the same sign in 4-MBP with SG P3 1 : r 11 ¼ r 22 ¼ 26 (7) /mm, r 33 ¼ 8.3(5) /mm (l ¼ 670 nm). Low-quartz on the other side is known to have bisignated components for optical rotation and r 33 with 19.1 /mm at 633 nm is about À2 times larger than r 11 , contrary to 4-MBP. From a comparision of completely determined optical rotation tensors of uniaxial crystals [20] we learn that an earlier observation, where r 33 /r 11 sometimes is close to À2c/a [25] with c and a lengths of crystallographic axes c and a, can not be generalized. In 4-MBP r 33 /r 11 ¼ þ0.32 whereas À2c/a ¼ À2.46.
The question arises if it is possible to predict optical rotation in 4-MBP by the dipole-dipole theory. This would show that the theory is stable enough to describe optical properties even of a metastable compound. We selected polarizability volumes for O, C, H aromatic , H methyl from comparison of calculated to known refractive indices. Table 2 summarises the results. We used a two-dimensional Newton-Kantorovich algorithm [26] to objectively find a Non-linear optical properties of metastable 4-methyl benzophenone The set of parameters best describing the experimental findings is set # 10 in Table 2 . The value of r 11 in our calculations is always positive for space group P3 1 in accordance with the experimental findings, though the calculated value is considerably smaller.
The d-coefficients for SHG were calculated as outlined earlier [16] . The result is shown below in Table 3 , where indeed similar values were found as for KH 2 PO 4 [22] . The Cartesian reference system (x, y, z) is assigned as follows: z k c, y k b*, x k a.
In addition, the normalized coefficients of the electronic contribution to the (clamped) electro-optic effect and electrogyration were calculated, setting all dielectric constants to 1. Again, these findings compare well with the normalized tensor coefficient in KH 2 PO 4 [20, 27] . Representation surfaces were drawn [28, 29] in Fig. 5 to help in visualizing the tensorial properties.
Conclusion
We could model the experimental findings of refractive indices, optical rotation and second-harmonic generation with the dipole-dipole theory. However, the fact that we had to use a more than ten times larger polarizability for aromatic hydrogen than for that for carbon is clearly of concern in this calculation. This may indicate again that a critical choice of the hydrogen polarizabilities is required to calculate correct refractive indices [30] . The estimated and measured non-linear optical properties in 4-MBP are not exceptional and are within the range observed in many other materials. Further, the measurements indicate that the metastable character of 4-MBP is not expressed in the physical properties, as expected. 
